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Stratum corneum barrier function in the female Fischer 344 
rat was assessed in animals ranging from 11 to 144 weeks of 
age, which were either fed ad libitum or a caloric-restricted 
diet at 60% ad libitum. Caloric restriction has been shown to 
increase the life span of rodents and delay age-associated 
degenerative diseases. The penetration of water, lidocaine, 
and hydrocortisone were measured in vitro using the finite-
dose technique in Franz diffusion chambers. Water perme-
ability did not significantly change with either age or diet 
condition (with the single exception of the ad libitum 144-
week animals). However, between 11 and 44 weeks, both 
lidocaine and hydrocortisone permeability increased with 
M ost research on age-associated changes in skin have focused on actinic damage, xerosis, and the skin's mechanical properties [1-3], but little has been done to study the barrier properties of aging stratum corneum. Because the primary function 
of the epidermis is to produce the stratum corneum, it is reasonable 
to postulate that changes in epidermal function associated with 
aging might be reflected in the physiology of the stratum corneum. 
Changes in the stratum corneum observed with aging include pro-
longation of corneocyte transit time with a doubling of the replace-
ment time [4], an increase in corneocyte area [5], and lowered water 
content in old versus young skin [6]. Such modifications to the 
stratum corneum would suggest a functional change in its barrier 
properties. Thus, permeability measurements may offer a simple, 
yet sensitive technique to probe the deeper more fundamental proc-
esses of epidermal physiology that would otherwise require more 
invasive methods to detect. 
In the few human studies in which skin permeability has been 
studied as a function of age, no clear picture has emerged [7,8]. For 
example, the in lIillo percutaneous absorption of testosterone has 
been reported to be diminished with age in one study [9], yet un-
changed in another investigation [8]. Animal studies have been lim-
ited to the hairless mouse model [10,11]. Although dramatic 
changes in permeability were observed in very young hairless mice 
(1-100 d) associated with its initial hair growth and subsequent 
loss, little to no difference was observed beyond this event. 
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age in both diet groups. By 44 weeks the caloric restriction 
animals had significantly greater permeability to lidocaine 
and hydrocortisone then their ad libitum age cohorts. Be-
tween 44 and 144 weeks, skin permeability in the ad libitum 
animals continued to increase with age, whereas permeability 
in the caloric restriction animals declined. By 144 weeks the 
caloric restriction skin was less permeable than the age-
matched ad libitum animals but still more permeable than the 
l1-week animals. The data show that the barrier properties 
of stratum corneum change with age in the female rat and 
that this change can be modulated by caloric restriction. 
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Analogous to the aging stratum corneum, a paucity of data exists 
on the effect of diet on skin beyond clinical considerations of mal-
nutrition and vitamin deficiency. However, there has developed a 
strong connection between caloric intake and aging [12-14]. Ca-
loric restriction (CR) significantly increases life span and decreases 
the rate of occurrence of most age-associated degenerative diseases 
in rodents. This information suggcsts that caloric intake may 
ameliorate aging processes in the skin. 
The objective of this study was to determine if age and caloric 
intake influence barrier function . To accomplish this goal we used 
the Fischer 344 rat because of its availability from a diet-controlled 
animal colony [15], its popular use in toxicologic and pharmaco-
logic studies, and its carefully documented aging pathology and 
physiology [15,16]. Barrier function was assessed irl lIitro by mea-
suring the percutaneous absorption of three probe molecules 
(water, lidocaine, and hydrocortisone) using the finite-dose tech-
nique [17]. 
MATERIALS AND METHODS 
Animals The female Fischer 344 rats used in this study were 
raised at the National Center for Toxicological Research under the 
defined conditions ascribed by the National Institute of Aging pro-
tocol for biomarkers of aging [15]. Animals were singly housed in a 
specific pathogen-free barrier environment at 23 0 C, and were 
maintained on a 12-h light/dark cycle. All rats were fed ad libitlllll 
(AL) from the time the animals were weaned. At 14 weeks of age the 
animals were divided into a control group that was maintained on 
AL feeding and a CR group ramped from AL to 60% of the AL food 
ration over 4 weeks. The calorie content of the CR ration was based 
on the food consumption of their age-matched AL cohort animals. 
The CR ration was dispensed daily in precision pellets to ensure that 
each rat received the same number of calories . Water for both 
groups was available ad libitum. All rats in this study were fed stan-
dard NIH-31 diet until initiation into the CR regimen when they 
received the Masoro C diet from Ralston Purina. In addition, the 
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Table I. Demographics of Study Animals 
Number 
Used in Mean Body Probability 
Study Weight (g)' of Survival' 
Age 
CRJ AL CR AL CR (weeks) Sex AU 
11 Female 6 153 1.00 
19 Female 6 6 206 194 1.00 1.00 
44 Female 6 6 262 183 1.00 1.00 
105 Female 5 6 360 201 0.75 0.79 
117 Female 4 6 372 195 0.44 0.69 
144 Female 2 5 323 183 0.04 0.40 
, Mean body weight of colony population detennined weekly. 
• Probability of survival record based on dead and moribund artimals in colony. 
, AL, artimals fed ad libiwlII. 
J CR, caloric-restricted artimals fed 60% ad libiwlII. 
CR animals received vitamin supplement to match AL vitamin con-
sumption. . 
The colony of aging animals at the National Center for TOXIco-
logical Research is maintained by the initiation of wea~ed rodents 
into the program at periodic intervals. From those al1lmals ongl-
nally introduced into the colony and used in this study: one aliquot 
group of animals was reserved for longevity determll1a~lOn only 
[15], another aliquot group was reserved for cros.s-sectlOnal and 
longitudinal pathology evaluatIOn (16), and the t11lfd set reserve.d 
for National Institute of Aging and National Center for Toxlcologl-
cal Research investigators. All animals were housed and maintained 
identically. Because of the number allocated, specific reservation 
requests, and, especially for the older animals, the I~sses due to 
normal mortality, full complements for each age and diet were not 
available in matched combinations. Animals from 11- 44 week old 
AL and 20-117 week old CR groups were selected at random from 
the living population available for research. The remaining age 
groups, having been depleted by death, cont.ained five or fewer 
animals, all of which were then used as available. None of the 
animals had been used for any other purpose or study until their 
selection into this project. Table I lists the demographics of the 
animal population used for this study. Very young ~nimals were 
excluded as the permeability of preterm and term ll1fants, both 
animal and human, have been recently characterized [10,18,19]. 
Skin Preparation The animals were individually euthanized by 
CO2 asphyxiation. Prior to skin removal, the hair was closely cut 
using electric hair clippers while insuring that no phYSical damage 
occurred to the skin surface. Skin sections from the dorsal lumbar 
region, straddling the spine, were e.xcised and c1ear~d of s~bcutane­
ous fat and a small portion of the reticular dermiS. Skll1 sections from 
each animal were mounted on Franz diffusion chambers (Crown 
Glass, Somerville, NJ) in duplicate. These chambers allow ~ ~.9-
cm2 available surface area exposure to ambient laboratory conditIOns 
while the dermal side of the skin is bathed in a phosphate-buffered 
saline (pH 7.3) solution at 3rc. In addition, the receptor solution 
was continuously mixed with a magnetic stir bar at 600 rpm 
throughout the experiment. Chamber samples were collected by 
the total removal of the receptor solution at each sample time. 
Chambers were refilled with fresh receptor solution between 
samples. 
Water Penetration Study Sufficient 3H20 (NEN Products, 
Boston, MA; 1 mCi/g), diluted to a specific activity of 15 mCi/ml , 
was applied to the skin to cover the exposed su~face for precisely 2 
min at which time it was removed by blottll1g. Serial receptor 
solu~ion samples were collected at 3, 6, 12,20,30,40, and 60 min 
after the topical application of the 3H20. One milliliter of receptor 
solution was mixed with 5 ml scintillation fluid (Opti-Fluor, Pack-
ard Inst. Co., Downers Grove, IL) and assayed in a Packard 1900CA 
liquid scintillation counter. 
EFFECT OF AGE AND DIET ON BARRIER FUNCTION 201 
Lidocaine and Hydrocortisone Penetration Study Approxi-
mately 14 h after the 3H20 penetration experiment, and with sev-
eral changes of the receptor solution to clear any residual 3H 20, the 
skin permeability to a finite dose of lidocaine and hydrocortisone 
was evaluated. Twenty microliters of a solution mixture of 5% 
lidocaine (w/v, Sigma Chemical Co., St. Louis, MO) and a tracer 
amount of 3H-hydrocortisone (NEN, 55 Ci/mmol) at 6 mCi/ml 
(applied dose of 600 pg) in 95% ethanol were applied to the surface 
of the skin. Throughout this experiment the buffered receptor solu-
tion was maintained at pH 6.0 to insure adequate lidocaine solubil-
ity. Serial receptor samples were collected at 0.5, 1,2,4,6,9, and 
12 h after application. One milliliter of the receptor solution was 
mixed with 5 ml scintillation fluid and analyzed for tritium con-
tent. The remainder of each sample was assayed by high-pressure 
liquid chromatography for lidocaine. Lidocaine and hydrocortisone 
penetration was determined on all animals except for the 117 week 
AL group. 
Chromatography was performed on a C ts reverse-phase 
0.21 cm X 10 cm ODS-Hypersil column maintained at 40°C 
using a solvent solution of acetonitrile/O.l M ammonium acetate in 
water (50/50 v/v, pH 7.0;J.T. Baker Chemical Co., Phillipsburg, 
NJ). The flow rate was 0.5 mljmin and lidocaine elution was moni-
tored at 210 nm from 5-,u1 sample injections. The chromatography 
system used was a 1090M manufactured by Hewlett-Packard. 
The rate of penetration (flux) for each sample was calculated as 
well as total penetration throughout the sampling period by averag-
ing the duplicate skin sections and determining the mean across the 
animals within each diet and age category. All data are reported as 
mean ± standard error of the mean (SEM). Statistical comparisons 
were by analysis of variance and Tukey's test across ages, and Stu-
dent t test between diets. 
RESULTS 
Lidocaine Skin barrier function demonstrated both age-depen-
dent and diet-dependent changes in lidocaine absorption. Regard-
less of diet, total absorption increased with age from 79.8 ,ug/ cm2 at 
11 weeks to over 200 ,ug/cm2 at 144 weeks of age (Table II). The 
time course of these changes, however, differed between the two 
diets. Although there was no difference in total absorption between 
the AL and CR groups of animals at 19 weeks, in the AL group 
lidocaine absorption steadily increased from that point on. In the 
CR group, however, lidocaine absorption increased dramatically at 
the 44-week time point, then steadily decreased thereafter. 
The rate of absorption profiles for all age groups are shown in Figs 
1 and 2. Steady-state - like kinetics are seen at 11 and 19 weeks of 
age, when total absorption is low, but a peak occurring at early times 
is seen at later ages when total absorption is much higher. This is 
particularly evident in the 144-week AL and 44-week CR animals. 
Hydrocortisone The results obtained with hydrocortisone pen-
etration were similar to those seen with lidocaine (Table II). Total 
absorption was found to increase with age in both diet groups, from 
13.6 pg/ cm2 at 11 weeks to over 35 pg/ cm2 at 144 weeks. However, 
whereas the AL group showed steadily increasing absorption from 
11 to 144 weeks, the CR group showed a sizable increase in absorp-
tion at 44 weeks, then a steady decline thereafter. This difference in 
the pattern of change between the two diet groups, for both hydro-
cortisone and lidocaine, can be seen most clearly in Fig 3. 
The rate of absorption profiles for all age groups are shown in Figs 
1 and 2. Similar to that seen with lidocaine, a tendency toward 
steady-state -like absorption is noted at many ages, specifically 
those where absorption is low. An initial early peak in the rate of 
absorption is seen at those ages where total· absorption is high, most 
notably with the 144-week AL and the 44-week CR animals. 
Water Changes observed in skin-barrier properties to water were 
much less than those noted for lidocaine and hydrocortisone, 
though the same trends were seen (Table II, Figs 1 and 2). Total 
absorption was higher in the older animals than in the l1-week 
group, but the pattern of increasing total penetration after 44 weeks 
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Table II. Total Penetration of Water (mgjcm2), Lidocaine (,ugjcm2), and Hydrocortisone (pgjcm2) 
Age (weeks) 
Compound Diet 11 19 44 105 117 144 
Water CR' 0.16 ± 0.02 0.29 ± 0.08 0.32 ± 0.04 0.27 ± 0.05 0.29 ± 0.04J 
Water AU 0.18 ± 0.01 ' 0.25 ± 0.05 0.35 ± 0.06 0.21 ± 0.03 0.28 ± 0.08 0.67 ± 0.16' 
Lidocaine CR 120.1 ± 8.1 343.6 ± 28.0J·, 262.8 ± 22.2' 247.8 ± 30.0' 203.1 ± 31.2' 
Lidocaine AL 79 .8 ± 5.5 118.1 ± 12.6 234.3 ± 19.9J·, 293 .8 ± 19.7' 310.2 ± 45.0' 
CR 20.7 ± 1.4 78.0 ± 13.9'1 56.0 ± 6.7' 46.9 ± 6.9J 35.6 ± 6.9J Hydrocortisone 
Hydrocortisone AL 13.6 ± 1.2 19.5 ± 1.7 37.9 ± 6.0'·' 67.8 ± 8.0' 72.5 ± 13.0' 
• CR, caloric restricted animals fed 60% ad libitum. 
I AL, animals fed ad libitum . 
' Mean±SEM. 
'Statistically different from age-matched diet cohort, p < 0.05. 
'Statistically different from ll -week-old animals, p < 0.05. 
fStatistically different from 144-week-old animals within same diet, p < 0.05. 
in the AL animals and decreasing total penetration in the CR ani-
mals was not noted. Peak flux across all ages was not significantly 
different between diets with AL animals at 0.50 ± 0.10 mg/cm2/h 
and CR animals at 0.47 ± 0.09 mg/cm2/h (Figs 1 and 2). Total 
penetration over all ages was not significantly different with !,-L 
animals at 0.32 ± 0.44 mg/cm2 (0.25 ± 0.16 mg/cm2 excludmg 
the 144-week AL group) and CR animals at 0.25 ± 0.07 mg/cm2• 
The only significant change in water absorption was the fourfold 
increase seen at 144 weeks in the AL group. The statistical differ-
ence was p < 0.05 to the other AL animals and the 144-week-old 
CR cohorts. 
DISCUSSION 
It is believed that the primary role of skin is to maintain water 
homeostasis because maintenance of the water barrier is critical to 
animal survival on land. Consequently, one would anticipate that it 
would not be susceptible to modification except by the most dra-
matic systemic or local stress. The observations made by Kligman in 
his study of trans-epidermal water loss in humans as a function of 
age [3] is consistent with this supposition. Our results are also in 
agreement; the barrier function to water penetration in the Fischer 
rats did not significantly change with either age or caloric intake. 
The single exception, elevated water penetration in the 144-week 
AL animals, may represent a pre-terminal event as the probability of 
survival of animals at that age had declined to 0.04. It might be 
argued that the 144-week data are highly suspect as there were just 
two animals in the group. However, these were the only animals 
from a group of 50 to survive to the extremely advanced age of 2.8 
years and, therefore, they represent the entire population available 
for study. 
Current doctrine on stratum corneum permeability assumes the 
existence of separate hydrophilic and lipophilic diffusion pathways 
[20]. The change in permeability seen in this study to the lipophilic 
probes lidocaine and hydrocortisone, in the absence of significant 
changes in water permeability, are in keeping with this concept. 
With age, the AL skin barrier shows a progressive reduction in 
resistance of the lipophilic pathway, allowing for the steady increase 
in lidocaine and hydrocortisone absorption noted at all time points. 
This pattern of change with age contrasts sharply with that noted 
for the hydrophilic pathway in which the only significant change 
occurs at 144 weeks, a possible reflection of moribundity. 
Animals on the CR diet regimen exhibited distinct differences in 
permeability to their age-matched AL diet cohorts beyond 20 weeks 
of age. By 44 weeks, CR skin permeability was significantly greater 
than AL skin, whereas the reverse was seen at 144 weeks of age. 
That no difference between diets was observed after 5 weeks on CR 
(CR diet initiated at 14 weeks, permeability measured at 19 weeks) 
suggests that caloric intake alone did not have an immediate effect 
on skin permeability. However, mounting evidence indicates that 
caloric restriction influences a wide variety of basic systemic func-
tions, for example, decreased average body temperature and de-
creased oxygen consumption [14], circadian regulation of metabo-
lism [21], and increased glucagon/insulin ratio with decreased lipid 
synthesis [22]. Thus, it is possible that as the animal adapts to a more 
energy-efficient utilization of calories [22] the skin physiology must 
also acclimate. In addition, CR has been shown to delay the age-
related decrease in serum 1,25-dihydroxy vitamin D and suppress 
the rise in serum parathyroid hormone with age [23]. Abnormalities 
in both vitamin D and parathyroid hormone have been implicated 
in a variety of skin disorders [24]. Therefore, it is possible that the 
alteration in barrier function noted in the CR animals is the result of 
an interaction between the skin and multiple systemic factors. If an 
innate aging process is programmed into the skin, it may be masked 
or overcome by the epidermal adaptation to the systemic environ-
ment of caloric restriction. 
A somewhat analogous study of dietary effects on skin permeabil-
ity is provide by Elias and co-workers [25,26] in his study of essential 
fatty acid deficiency. Animals fed an essential fatty acid-free diet 
demonstrated diminished barrier function, proving that dietary in-
take of lipids will have a direct impact on maintenance of stratum 
corneum permeability. However, the animals used in our study 
were fed a diet consisting of 10% corn oil, and based on measured 
daily consumption [14] both AL and CR animals exceed the recom-
mended daily nutritional essential fatty acid requirement up to four-
fold [27]. Thus, an essential fatty acid deficiency is an unlikely 
explanation for the changes observed in the CR animals. Addition-
ally, visible signs of essential fatty acid deficiency were not noted in 
these animals. Nevertheless, the reduction in total lipids consumed 
(as a percent of calories fed), lack of body fat stores, and the increase 
in lipid utilization as an energy source by the CR animals may 
manifest in atypical skin lipid production or distribution in the 
stratum corneum lamellae resulting in altered permeability proper-
ties. Considering that the CR animals are spared or have delayed 
onset of the pathologic changes seen in AL animals and are more 
robust than their age AL cohorts, the differences in permeability 
observed in the CR animals cannot necessarily be termed abnormal. 
It could well be that the traditional ad libitum rearing of animals 
leads to aberrant barrier production. 
In both diet groups studied, the older (~44 weeks) animals' skins 
showed greater permeability to both hydrocortisone and lidocaine 
than the younger animals (~19 weeks). This suggests that there 
maybe some degree of innate skin aging that is independent of 
dietary factors. However, it cannot be determined at this time 
whether it is a programmed senescence inherent to the skin itself, or 
a consequence of systemic deterioration as a function of age. The life 
cycle in reproduction hormones of the female rats with aging and in 
response to caloric restriction [28] may have some effect on the skin 
but, more likely, the accumulation of degenerative diseases are con-
tributing to the loss of the barrier function efficiency. Pathologic 
evaluation of aging ad libitum -fed Fischer rats [16] show that by 18 
months of age nephropathy, cell hyperplasia, adenomas, and neo-
plasms in various organs are becoming detectable and thereafter 
increase rapidly in severity or frequency. After 30 months of age 
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Figure 1. III vitro finite dose flux pro~es of wate~ (top), lidoc~ine (cemer), 
and hydrocortisone (bottolll) penetration m ad flblll/Ill - fed ammals. Error 
bars are excluded for clarity, however, the coefficient of variation across 
data points within each age averaged 0.45 for water, 0.29 for lidocaine, 
and 0.31 for hydrocortisone with no correlation to age. 
mononuclear cell leukemia is prevalent. Thus, beyond 24 months of 
age virtually every ad libitum ~nimal is demonstrating a progres-
sive ly deterioratin g systemic disorder wluch may have a dl~ect or 
indirect influence on the skin. Although caloric restnctlOn slgmfi-
candy diminishes or delays most if not all of these p~tholo.gic events 
it does not prevent their occurrence and the CR ammals Inevitably 
suffer a similar fate. Thus, skin of the CR animals may also be 
experiencing th e consequences of systemic aging, but at a slower 
rate. 
It is surprising to realize how little information there is on sys-
temic factors that may influence the Viable epidermiS and modify or 
regulate stratum corneum barrier function . Recently, it has be~n 
shown that experimentally induced diabetes can quickly alter skll1 
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permeability characteristics in Sprague-Dawley CD rats. * In the 
present study, both aging and a reduced caloric diet resulted in 
alterations to the skin-barrier function. The common simplification 
of viewing the skin as an isolated self-governing organ often over-
shadows the consequences of its dependency on the systemic envi-
ronment it encapsulates and relies on for nutrition. Whether the 
permeabili ty changes measured here reflect only local epidermal 
aging modulated by circulating nutrient ava.ilabil ity or mirror 
global systemic function changes in response to age and diet remains 
• Lehman PA, Franz T}, Dang AO: Effect of acute diabetes and insulin 
therapy on stratum corneum barrier function in rats (abstr). } Invest Der-
matol 96:574, 1991. 
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Figure 3. Percent increase (± SE, n values in Table I) in mean total pene-
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animal group. Graphed data was calculated from Table II. 
to be elucidated. Nonetheless, the caloric restricted animal may 
prove useful as a comparative model to the aging ad libitum animal 
for future comprehension and characterization of the stratum cor-
neum barrier matrix. 
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